Abstract Biodegradation of styrene by Exophiala sp. was tested at different initial concentrations (19.3-170.6 mgl −1 ), pH (2.8-8.7), and temperatures (19.8-45.1°C), for 120 h according to a 2 3 full-factorial central composite design. The specific growth rate (SGR, per hour) and specific styrene utilization rate (SUR, milligrams of styrene per milligram of biomass per hour) values were used as the response variables for optimization purposes. The interactions between concentration and temperature (P00.022), and pH and temperature (P00.010) for SGR, and interactions between concentration and temperature (P00.012) for SUR were found to be statistically significant. The optimal values for achieving high SGR (0.15 h , pH05.5, and T032.4°C for SUR. It was also observed that the Exophiala strain degrades styrene via phenylacetic acid, involving initial oxidation of the vinyl side chain. Besides, in the presence of styrene, changes in the fatty acids profile were also observed. It is hypothesized that an increasing amount of linoleic acid (18:2) may be involved in the protection of the fungus against toxic substrate.
Introduction
Styrene, also known as vinyl benzene (C 8 H 8 ) is an important chemical derived from petroleum and natural gas by-products. Prolonged exposure to styrene vapors can cause health problems [1] . Bioprocesses represent an efficient, cost-effective, and promising option for the complete mineralization of volatile pollutants or even for their conversion to useful products [2, 3] . Studies pertaining to the isolation of styrene-degrading microorganisms were initiated by Sielicki et al. [4] . Those attempts were unsuccessful due to the inability of the isolated bacteria to tolerate high styrene concentrations (0.1 mol styrene l
−1
). Hartmans et al. [5] successfully isolated 14 strains of aerobic bacteria and two fungal strains that could grow with a styrene concentration of 0.5 mmoll −1 . Most of the styrene biodegradation studies have focussed on aerobic bacteria, but very little effort has been made to understand the degradation pattern in fungi. Braun-Lüllemann et al. [6] studied gas-phase styrene degradation in batch liquid microcosms using the white-rot fungi Pleurotus ostreatus, Trametes versicolor, Bjerkandera adusta, and Phanerochaete chrysosporium, and reported that all fungi almost completely removed styrene at low and medium concentrations. In that study, the major styrene transformation products were identified as phenyl-1, 2-ethanediol, 2-phenylethanol, and benzoic acid.
Kennes and Veiga [7] highlighted the potential advantages of stimulating fungal growth in biological waste gas treatment systems for the treatment of volatile organic compound (VOC)-polluted air. The biodegradation of non-oxygenated substituted benzene compounds is possible in some Exophiala species, which have been found in gas-phase biofilters treating toluene or styrene vapors [7] . However, hardly any detailed microbiological and kinetic studies have been published with such fungi. The specific substrate utilization rate (SUR) and enzyme activity of these fungi is expected to depend on the initial substrate concentration, pH, and temperature. Estévez et al. [8] compared the rates of toluene degradation in Exophiala oligosperma at temperatures between 23 and 40°C, and showed that the specific toluene utilization rate was relatively constant between 23 and 30°C, but dropped significantly at 40°C. Cox et al. [9] showed that Exophiala jeanselmei exhibited constant styrene oxidation rates between 22.5 and 33°C, whereas a rapid decrease was observed at 42°C.
E. oligosperma was able to completely mineralize toluene in the pH range of 3.9-6.9 [8] . During continuous biotreatment of gas-phase styrene in a biofilter inoculated with the fungus Sporothrix variecibatus, high styrene elimination capacities (336 g −3 h −1 ) were reported under steady-and transient-state conditions, despite a drop in the pH of the filter bed from 5.9 to 3.5 [10] . Some microorganisms exhibit adaptation capabilities, enabling them to survive, and including, among others, changes in membrane lipid composition as a result of increased synthesis of saturated or unsaturated fatty acids [11] [12] [13] [14] . Until now, there are no data available on the action of styrene on the fatty acids composition of microorganisms, involving those that are able to utilize that toxic pollutant. The alternation in the fatty acids profile results in permeability of the membrane and can also change the elimination rate of the toxic compound [14, 15] . Therefore, it appeared to be of interest to study possible changes in the fatty acids profile of Exophiala sp. growing on styrene.
Although several batch studies have reported the kinetics of fungal growth on different toxic substrates, many of them were not aimed at optimizing process parameters in a systematic way and were not purported to investigate the pathway of biodegradation. The priority therefore was to initiate studies with the following objectives: (1) to identify the optimum conditions for styrene removal and fungal growth, in terms of concentration, pH, and temperature, by performing experiments designed with the help of response surface methodology (RSM) [16, 17] ; (2) to model the biodegradation kinetics using specific growth rate and substrate utilization rate as the response variables; (3) to elucidate the styrene biodegradation pathway; and (4) to determine the cell membrane fatty acids composition of E. oligosperma when grown on styrene as the sole carbon source.
Material and Methods

Media Composition
The mineral salt medium used for maintaining the pure fungal culture in Petri dishes and for batch experiments had the following composition (per liter in distilled water): 0.5 g K 2 HPO 4 , 0.1 g MgSO 4 ·7H 2 O, 4.5 g KH 2 PO 4 , 2 g NH 4 Cl, and 2 mL vitamins and trace minerals [8, 18] . The medium was autoclaved at 120°C for 20 min, before adding the filtersterilized solutions of vitamins and trace minerals. The original pH of the medium was 5.9.
Microorganism
The fungus, E. oligosperma was isolated from a gas-phase biofilter operated at the University of La Coruña (Spain) and was identified at the Centraalbureau voor Schimmelcultures (The Netherlands) and was shown to grow on several benzene compounds. Stock cultures of the fungus were maintained on Petri dishes (15 g agar l ), under ambient conditions, and were incubated in a desiccator in the presence of toluene vapors supplied as sole carbon source. One gram oxyacetylene was aseptically added to 1 l sterilized agar medium to prevent bacterial growth.
Batch Experiments
E. oligosperma was cultured at 32.5°C for the elucidation of the metabolic pathway and at 30±0.5°C for the estimation of kinetic parameters and optimal growth conditions, with constant shaking at 175 rpm under aerobic conditions in 110 ml glass vials fitted with Viton septa and sealed airtight with aluminum caps. Five microliters of styrene was added to 9.7 ml mineral salt medium containing both vitamins and trace minerals and 0.3 ml of pregrown inoculum. This stock culture was grown until it reached an optical density of 0.8 at 600 nm. Batch biodegradation tests (20 experiments) were carried out for 120 h according to the experimental design provided by response surface methodology (RSM). All the experiments were started with identical biomass concentrations (3 %, v/v) that allowed the estimation of specific growth rate (SGR, per hour), and specific SUR (milligrams of styrene per milligram biomass per hour) profiles for a given set of conditions [8] . In order to perform these tests and to maintain the purity of the original fungus, different glass vials were used, maintaining similar experimental conditions and sacrificing one vial for each sample. By maintaining multiple vials for the same test condition, the possibility of contamination during sampling was completely avoided and the gas and liquid phase volumes remained constant. Styrene was added aseptically to these vials, to reach different initial gas phase concentrations. The biodegradation profile was monitored by measuring the gas phase consumption of styrene and the concentration in the liquid phase was then calculated from Henry's partition coefficient values at the respective temperatures [19] . The initial liquid-phase styrene concentrations varied slightly from the statistically designed values. Both non-inoculated media (blanks) and inoculated, yet autoclaved, vials (controls) for these 20 experiments were also prepared. This was done to assess abiotic styrene losses and degradation, and it was observed that the styrene concentrations remained unchanged in such vials. Biomass concentration (milligrams per liter), earlier correlated to OD at 600 nm, was estimated by withdrawing a 1 ml sample at different time intervals from the test vials. Gas-phase styrene concentration was also estimated periodically by withdrawing 2 ml of headspace styrene using a gas-tight glass syringe.
Analytical Methods
A Crison model 507 pH meter, connected to an Ingold electrode was used for measuring pH. Biomass weight was estimated by measuring the optical density at λ0600 nm, and a standard calibration line was plotted based on the relationship between dry weight and OD. The absorbance of the liquid cultures, corresponding to the growth of the Exophiala sp. with styrene as the carbon source, was measured by using a UV-vis spectrophotometer (Hitachi, Model U-200, Pacisa & Giralt, Madrid, Spain).
Gas-phase samples collected from vials were subjected to chromatographic analysis, on an HP 5890 gas chromatograph, using a 50 m TRACER column and a flame ionization detector. The flow rates were 30 mlmin −1 for H 2 and 300 mlmin −1 for air. Helium was used as the carrier gas at a flow rate of 2 mlmin . The temperatures at the gas chromatography (GC) injection, oven, and detection ports were 250, 120, and 250°C, respectively. CO 2 was analyzed with a HP 5890 gas chromatograph equipped with a thermal conductivity detector (TCD). The injection and oven temperatures were 90 and 25°C, respectively, with the TCD set at 100°C.
For the identification of metabolites from styrene metabolism, styrene biotransformation products were extracted from the medium with ethyl acetate and dried with sodium sulfate. Styrene oxide and phenylacetaldehyde were determined by gas chromatography (Hewlett Packard Model 6890) equipped with a 5973 Mass Detector. The separation was carried out in a capillary column Restek RTX-5MS (60 m×250 μm×0.25 μm). The column temperature was maintained at 50°C for 3 min, then increased to 65°C at 10°Cmin −1 and finally to 250°C at 20°Cmin −1 for 9 min. Helium was used as the carrier gas at a flow rate of 1 ml min −1 . Compound peaks of styrene oxide and phenylacetaldehyde were assigned by comparison with those obtained with the authentic standards.
The liquid chromatography-mass spectrometry (LC-MS)/MS analysis were carried out using an Agilent 1200 HPLC system coupled with a 3200 Q TRAP mass spectrometer (Applied Biosystems). Separation was performed on a Phenomenex Luna C18 column (150×50×2.0 mm, 5 μm) using a flow rate of 0.5 mlmin −1 . The mobile phases A and B were water (containing 5 mM ammonium formate) and methanol (containing 5 mM ammonium formate; 30:70v/v), respectively. Sample elution was isocratic over 6 min. The mass spectrometer used an electrospray interface in negative ionization mode. Multiple reaction monitoring (MRM) mode scan was performed. MRM uses the combination of a specific parent mass and a unique fragment ion to selectively monitor the compound to be quantified. The MRM transition pairs used for quantification of acids were chosen as: m/z 134.9→90.9 for phenylacetic acid and 150.9→106.9 for 2-hydroxyphenylacetic acid. Major parameters used for analysis on the mass spectrometer included 25 psi for curtain gas (CUR), 4,500 V for the ion spray voltage, 500°C for source temperature, and 50 and 60°C for ion source gas 1 and ion source gas 2, respectively. Optimization of the compounds was performed by flow injection analysis, injecting individual standard solutions directly into the source.
Phospholipids-Derived Fatty Acids Determination
The stock culture utilizing styrene was prepared as mentioned above. Batch tests with the fungus utilizing styrene and/or glucose as sole carbon source (at initial concentrations of 170 mgl −1 ) were carried out for 72 h at a temperature of 32.5°C. The biomass from a glass vial fitted with a Viton septum was separated from the media by centrifugation at 2,000×g and then homogenized (MISONIX) with 20 ml methanol. Then, 40 ml chloroform was added and a sample was extracted. The organic phase was separated and fresh chloroform/methanol (2:1) was used. The organic phases were combined, dried over anhydrous Na 2 SO 4 and the solvent was removed by evaporation. Total lipids were dissolved in chloroform (1 ml) and fractionated by using a column (25×100 mm) of silica gel (0.5 g) into neutral-, glyco-and phospholipids, with 4 ml chloroform, acetone and methanol, respectively [20] . After evaporation of methanol, 5 ml of methanol/toluene/sulfur acid (30:15:1, respectively) was added to each sample. After 18 h at 50°C, fatty acid methyl esters (FAMEs) were extracted twice with hexane (4 ml). The extracts were dried with Na 2 SO 4 and evaporated. FAMEs were analyzed by gas chromatography according to the procedure described elsewhere [13] .
Double bond index (DBI) for C16 and C18 FA reflecting their unsaturation level was calculated from the percent values derived from gas chromatography data [21] , according to the following equation:
Experimental Design and Optimization of Parameters
The conventional method of studying the biodegradation process, i.e., by maintaining the factors at an unspecified constant level, does not depict the combined effect of all the factors involved. This method is often laborious, time consuming, does not guarantee the determination of optimum conditions, and is unable to detect synergistic and/or antagonistic interactions between two or more factors [16, 17] . RSM is a collection of mathematical and statistical techniques useful for developing, improving, and optimizing processes, and can be used to evaluate the relative significance of several affecting factors even in the presence of complex interactions [16] . In the present study, the effect of initial styrene concentration, pH, and temperature on the SGR (per hour), and specific SUR (milligrams of styrene per milligram of biomass per hour) by E. oligosperma was studied and optimized using RSM, and the results were statistically interpreted. The independent variables (k03) were initial styrene concentration (X 1 ), pH (X 2 ), and temperature (X 3 ), while the SGR and SUR values were chosen as the response variables. The experimental range and levels of independent process variables are given in Table 1 . A 2 k full-factorial experimental design with six replicates (n o ) at the centerpoint, and thus a total of 20 (2k+2k+n o ) experiments were performed in this study. The centerpoint was repeated six times, to give 5 degrees of freedom (DOF), to verify any change in the estimation procedure and as a measure of precision property [16] . The experimental design illustrated in Table 2 shows the coded and uncoded values of the individual variables, and the corresponding experimental and model predicted values of SGR and SUR, respectively. The variables were coded according to Eq. (2);
where, X i is the coded value of variable i, x i is the dimensionless uncoded (actual) value of X i , x o is the value of X i at the center point, and Δx is the step change between levels −1 and 0.
The results were fitted using the response surface regression procedure, using the following second-order polynomial equation (Eq. 3), and by analyzing the response surface and contour plots.
where, Y is the predicted response, k is the number of variables, β o is the offset term, β i is the i th coefficient of linear effect, β ii is the i th coefficient of squared effect, β ij is the ij th Table 2 Full factorial central composite design matrix for styrene removal coefficient of interaction effect, and X i and X j are the coded values of independent variables i and j, respectively.
Analysis of variance (ANOVA) was applied to estimate the main (linear) effects of independent variables and their potential interaction effects on the SGR and SUR during styrene biodegradation. The ANOVA table provides information on the following terms: degrees of freedom, sequential sum of squares, adjusted sum of squares, adjusted mean squares, Fischer's variance ratio, and probability value. The goodness of fit of the regression model and the significance of parameters estimates were determined through appropriate statistical methods. The results of this experimental design were analyzed and interpreted by MINITAB 16 (PA, USA) statistical software. For optimizing SGR and SUR simultaneously, the "Response Optimizer" function in the MINITAB software that adopts the desirability function method to optimize responses was used. . The initial concentrations used in this study were based exclusively on the biocatalyst's capability to degrade the compound, and by considering the solubility of styrene in water. The pH was varied from 2.8 to 8.7, and temperature varied from 19.8 to 45.1°C, following the scheme shown in Table 2 . Figure 1a -f shows styrene removal, biomass growth, and carbon dioxide generation profiles for some selected experimental runs. The growth of Exophiala sp. depended highly on the initial pH and temperature. Biomass growth was apparent after a short-lag phase (<20 h) for experimental runs 1, 9, 10, 13, and 15, in comparison to run 14 ( Fig. 1e ) which was carried out at a temperature of 45.1°C. Styrene removal was also instantaneous, reaching 100 % for run9 (C o 019.3 mgl −1 ), and >90 % for runs10 and 15 (C o 0170.6 and 95 mgl −1 ). Higher degradation rates were observed at lower initial concentrations. Indeed, at fixed pH (5.75) and temperature (32.5°C), low concentrations were completely removed at higher rates, in <50 h, compared to high concentrations which were only 90 % removed in 120 h. This also demonstrates the ability of the fungus to completely mineralize styrene and use it as single carbon and energy source. Styrene removal remained low (<25 %) for runs7, 8, 11, 12, and 14, reaching hardly 5 % for run12 and 8 % for run14, which were basically insignificant. Runs12 and 14 were carried out at the highest pH (8.69) and temperature (45.1°C), by maintaining the styrene concentration at 95 mgl −1 , suggesting that the fungus is inactive at such high pH and temperature. For all other runs, styrene removal varied between 42 and 63 %, confirming the influence of pH and temperature on the biodegradation of styrene by Exophiala sp.
Results and Discussion
Regarding carbon dioxide profiles, for complete oxidation of styrene to CO 2 and water, the ratio of mass CO 2 produced to the amount of styrene consumed should be 3.4, according to the following stoichiometric equation, neglecting biomass growth (Eq. 4):
However, when biomass growth is taken into account, with ammonium chloride as nitrogen source, then 1.27 g CO 2 should be generated for each gram styrene degraded, which can be represented by Eq. (5),
In this study, the ratio of CO 2 produced to the amount styrene removed was either somewhat greater than (run9) or in some instances lower than (run10) the theoretical amount of CO 2 expected from Eq. 5. In cases where the stoichiometric criterion is not exactly met, the unaccounted CO 2 could have accumulated in the aqueous phase, depending on the pH and temperature, in the form of HCO − , H 2 CO 3 , or CO 3 2− . Additionally, the SUR, a parameter used to describe the extent of pollutant removal using a particular microbial species, by taking into account biomass concentration and time, was ), where biomass growth was severely affected or inhibited by both pH and temperature, leading to negligible removal of styrene. Similarly, the SGR were also very low or negligible in these runs, <0.02 h −1 , when compared to the maximum value of 0.16 h −1 in run9.
Main Effects of Process Parameters
The main effects plot for SGR and SUR showed a very complex behavior depending on the initial styrene concentration, pH, and temperature, as observed in Figs. 2 and 3 . Figure 2 could be interpreted as follows: (1) ; (2) the SGR increased with an increase in pH, reaching a maximum of~0.12 h −1 at the centerpoint level (pH5.75), and then decreased with a further increase in pH from 5.75 to the inhibitory pH value of 8.69; and (3) increasing the temperature from 19.8 to 32.5°C increased the SGR, but beyond that temperature, the SGR decreased drastically, reaching inhibition at 45°C. The variations of SGR with pH and temperature, i.e., the increasing and decreasing trend after reaching a maximum, allows defining an optimum range of values for these two factors allowing reaching high SGR. However, as seen in Fig. 3 , the main effects plot for SUR was slightly different from those envisioned for SGR. At low styrene concentrations, the SUR was >0.4 mg styrene mg −1 biomass h −1 and the SUR almost remained constant when the styrene concentration was increased from 50 to 170 mgl −1 . A similar trend was also observed for temperature effects, and the SUR values only decreased significantly beyond 40°C, remaining otherwise almost constant over a wide range of temperatures (19.8-40°C). Rajasekaran and Maheswari [22] showed that the respiration rate of fungal mycelia can vary over a rather wide range, depending on the temperature, and thermophilic fungi like Thermomyces lanuginosus and Penicillium duponti exhibit maximum rates at 50°C. Most of the previous studies on VOC treatment using fungi were performed at temperatures between 20 and 40°C, yet some studies have reported that the substrate utilization rates dropped significantly beyond 40°C, and that the fungi were inactive above such temperature [8, 9] . Only a few studies have reported continuous thermophilic biofiltration of hydrophobic VOCs like BTEX and α-pinene, at temperatures >45°C [23] [24] [25] . Wang et al. [26] reported that the optimum temperatures for fungal growth (37°C) and degradation of gas phase chlorobenzene (28°C) were different due to the occurrence of different enzyme systems, i.e., lignin peroxidases, manganese peroxidises, and laccase in P. chrysosporium. The Exophiala sp. used in this study was able to tolerate temperatures up to a threshold value of about 40°C.
The influence of pH was more pronounced, and the maximum SUR was observed at a pH of 5.75 (0.3 mg styrene mg −1 biomass h
−1
). These profiles of SGR and SUR and their dependency on pH suggest that at both low (2.8) and high levels (8.6), the biodegrading capability of the fungus was extremely limited or even inhibited. Although it has been reported that fungi can tolerate acidic pH conditions, very low pHs are not optimal [27] . Modification in membrane permeability, lipid solubilization, and adsorption and inactivation of proteins has been reported as factors contributing to the loss of activity leading to growthlimiting/inhibiting conditions [28] . For some fungi, pH other than their optimum can cause a change in the ionic charges of the acidic and basic groups and therefore mutate the R groups in the amino acids which disrupt the ionic bonding, leading to modifications in the enzyme shape and positioning of the active biodegradation sites. Bhattacharya and Banerjee [29] reported that the efficiency of 2,4-dichlorophenol removal by the fungus Pleurotus sp. was at its maximum (>95 %) at temperature >37°C, and pH values between 5.5 and 6. The authors attributed the better fungal performance to the stability of the laccase enzymes in that pH range, and the enzymes were largely stabilized by weak interactions such as hydrogen bonds and van der Waals forces. Fungi like Exophiala sp. have septate hyphae which bear conidiogenous cells (annelides) and usually ellipsoidal conidia (1-3×3-6 μm) are produced from the annelids [30] . Dix and Webster [31] showed that pH has little direct effect on fungal metabolism due to the buffering system in septate hyphae, but may influence the ionization of salts in solution and the permeability of the plasmalemma of the hyphae.
The data from our study collectively display antagonistic and synergistic effects on SGR and SUR values, thereby affecting styrene removal, and these effects depended on levels of the initial settings of concentration, pH and temperature (−α, −1, 0, +1, and +α). These results produced main, squared, and interaction effects, which will be statistically interpreted in the next section of this paper.
Analysis of Variance and Regression Model Equation
The experimental results were analyzed in the form of ANOVA by using SGR and SUR as the response variables (Table 3) . ANOVA is a statistical technique that subdivides the total variation in a set of data into component parts associated with specific sources of variation for the purpose of testing hypotheses on the different parameters of the model [32] . The statistical significance of the ratio of mean square due to regression and mean square due to residual error was tested using ANOVA. As seen in Table 3 , the F statistics values for SGR were higher than those observed for SUR. The P values were used to judge whether F statistics is large enough to indicate statistical significance [33] . Thus, high F statistics and low P values (<0.05) indicate that the effect is significant at the 95 % confidence level [34] . The P values for the linear, squared (quadratic), and interaction effects were <0.05 for SGR, while only the squared effects for SUR were found to be statistically significant. Besides, the F statistics values of regression (53.52 and 4.36) for SGR and SUR were less than the maximum F statistics of the effects (141.93 and 7.94) which indicates that the second-order polynomial model would produce some errors while representing the relationship between the process Table 3 indicates the amount of variation in the response data left unexplained by the model. Furthermore, Student's t test was used to determine the significance of the regression coefficients of the parameters. The corresponding P values were used as a tool to check the significance of each of the interactions among the variables, which in turn may indicate the patterns of interactions between the variables. The regression coefficient, t and P values for all the linear, squared, and interaction effects of the parameter are given in Table 4 , for SGR and SUR, respectively. The regression model equations for SGR and SUR are given in Eqs. (6) and (7), respectively.
From Table 4 , it is evident that the coefficient for the linear effects due to pH (X 2 ) and temperature (X 3 ) for SGR showed less P values (P00.004, 0.001), indicating that these effects were more pronounced for SGR than for SUR. Among the squared (quadratic) effects, pH (X 2 2 ), and temperature (X 3 2 ) were significant for both SGR and SUR with P values of 0.000, 0.000 (SGR) and 0.003, 0.012 (SUR), respectively. The coefficients of interaction effects appeared to be significant between concentration and temperature (P00.022), and pH and temperature (P00.010) for SGR, and between concentration and temperature (P00.012) for SUR. All other interaction effects were found to be insignificant at the 95 % confidence limit (P>0.05). The positive terms of the coefficients given in Table 4 indicate a direct effect on the SGR and SUR values, and subsequently the removal of styrene. Except for the interactions between concentration and pH (0.005) for SGR and concentration and concentration (0.013) for SUR, all other coefficients showed an indirect effect on the SGR (Table 3) . Thus, only less that 1.1 % variation in SGR and 11 % in the case of SUR, was not statistically explained by the model equation, reflecting the goodness of fit of the regression model to analyze trends in the responses. Though the value of R 2 00.89 would be considered low in applied statistics, it can be accepted due to complex interactions observed between fungal growth-styrene utilization-pH-temperature, which could not be reasoned by the model equation. These variations in the model predictions were already symptomatically highlighted in Table 3 , when F statistics values of regression (53.52 and 4.36) were less than the F statistics from the effects. It is noteworthy to remind here that such observations on the significance of different statistical terms, the main effects and interactions among different process parameters, i.e., styrene concentration, pH, and temperature, would go unnoticed if experiments were to be carried out by conventional methods.
Response Surface Optimization
The response surface plots (Figs. 4a and ) is illustrated in Fig. 4a-d . The maximum predicted SGR or SUR is indicated by the smallest ellipse that confines within the contour plot. This type of plot values of the independent variable (pH and temperature). It is also evident from the surface plots (Fig. 4a-c) that at low (−α) and high (+α) levels of pH and temperature, both the SGR and SUR were minimal, and there was a narrow region where neither an increasing nor a decreasing trend in SGR and SUR was noticed. This type of response surface and contour (elliptical) plots suggests the definite existence of optimum conditions, and the surface confined in the smallest curve can be used to predict the maximum response in the process [35] . As shown in Table 3 (ANOVA), these interactions were highly significant with P<0.05. The nature of response surface plots also depends on the sign and magnitude of the coefficients for SGR and SUR, as shown in Table 4 . The squared and the interaction effects play a vital role, and a formal analysis can shed more light on the nature of response surfaces. Figures 5 and 6 reveal rising ridge (linear in one direction and curvilinear in the other) and saddle type contour plots for SGR and SUR, obtained during concentration and temperature (pH5.75), and concentration and pH interactions (T032.5°C). These types of contour plots produce stationary points that have the maximum estimated response or an approximate maximum on a line within the design region [36] . From Fig. 5a , it is evident that the SGR is largely affected by temperature variations and at constant temperatures, when the concentration was increased from −α to +α levels, the SGR remained stationary, reaching maximum values at~32.5°C. A nearly similar behavior was also seen for concentration and pH on SGR (Fig. 6a) . However, for the surface plot depicting concentration and temperature on SUR, the following observations were made: (1) when the styrene concentration was low (−α), an increase in temperature from low (19.8°C) to high (40°C) levels increased the SUR significantly; and (2) when the styrene concentration was high (+α), an increase in temperature caused the SUR to decrease from an already high value (0.4 mg styrene mg −1 biomass h −1 ) to lower values. However, within the range of styrene concentrations tested, no significant interactions were produced between concentration and pH as evident from their high P values for SGR (0.191) and SUR (0.429). On the other hand, the quadratic effects due to concentration (X 1 2 ) were also insignificant (P00.430, 0.583), indicating that the SGR and SUR were limited/inhibited by pH and temperature, and not due to styrene concentrations (19.3-170.6 mgl −1 ). The model Eqs. (6) and (7) were optimized using the multistage Monte Carlo optimization technique, as explained elsewhere [37] . The optimal values, first obtained in coded values of the individual parameters, were then converted to uncoded units using Eq. , pH05.48, and T032.45°C, respectively. The optimal values obtained here are the resultants of the optimal values characteristic for Exophiala sp. using styrene as the carbon and energy source. Under these conditions, the predicted SGR and SUR were 0.15 h −1 and 0.362 mg styrene mg −1 biomass h −1 , respectively, which are comparable to the values observed during runs 15-20 (centerpoint) .
Furthermore, the factors were optimized for maximizing the values for both SGR and SUR, so as to get one set of operating conditions. The desirability function d i b y i ½ is given by;
where, L and T, are the lower and target values of response measured from the experimental data, y i is the value of a response predicted by the second-order polynomial equation, and r i is the weight of desirability function of a response [38, 39] . The target values were set at SGR0 0. ) under well-optimized pH and temperature conditions.
The SUR values obtained in this study are comparable to other literature reports where similar VOCs have been tested under batch conditions. Jung and Park [40] observed that the bacterial styrene degradation rate increased with an increase in the substrate concentration and then decreased with further increase in styrene concentration beyond 97 mgl −1 . A maximum degradation rate of 0.16 mg styrene mg −1 protein h −1 was reported. Cox et al. [9] reported a styrene degradation rate of 21 μg styrene mg −1 protein min −1 when batch biodegradation tests were conducted using the fungus E. jeanselmei, and substrate inhibition was observed at a styrene concentration of 3.25 g m −3 in gas phase at 25°C and pH5.7. Estévez et al. [8] tested toluene removal by two fungal isolates and reported a toluene biodegradation rate of 16 and 37 μg toluene mg −1 biomass min −1 for Paecilomyces variotii and E. oligosperma, respectively.
GC/MS and LC/MS Analysis of Styrene Metabolites
The initial styrene concentration used (170.6 mgl −1 ), pH, and temperature of the cultures (5.75 and 32.5°C, respectively) were based on the results presented above. Metabolites produced from styrene biodegradation (styrene oxide, phenylacetaldehyde, phenylacetic acid, 2-hydroxyphenylacetic acid) were determined after 6, 12, 24, 48, 72, 96, and 120 h, respectively, of batch Exophiala sp. incubation (Figs. 7 and 8) . Among the metabolites detected, styrene oxide appeared only at the very early stage of incubation. Analyte recovery was found to be strongly dependent on incubation time because styrene oxide is an unstable compound in the presence of peroxides or water [41] , and hence it is easily converted into other oxidized products. The same compounds were also found in cultures of E. jeanselmei as reported by Cox et al. [42] . The results from this study suggest that this particular strain of Exophiala degrades styrene via phenylacetic acid, involving initial oxidation of the vinyl side chain (Fig. 9) , as proposed earlier also for another similar fungus, E. jeanselmei [42] .
Styrene Effect on Fatty Acids Profile of E. oligosperma
Studies were performed to study the effect of styrene on the phospholipids of the Exophiala sp. which are considered to be highly sensitive to alterations in the state of the physical environment [43] . As control, glucose (200 mgl −1 ) was used as nontoxic substrate in the experiments. Growth of the Exophiala sp. in the presence of styrene or styrene+glucose was delayed compared to the control culture with glucose only (Fig. 10) . The analyses of fungal phospholipids were done at the early stationary phase of growth, by withdrawing culture samples after 72 h. The determination of the membrane fatty acids (Fig. 11) showed that almost 90 % of the lipids in Exophiala sp. contained three types of fatty acids: saturated (18:2) was also noticed in a pathogenic E. jeanselmei strain cultured in submerged minimal medium with glucose [44] . Growth of Exophiala sp. on styrene resulted in changes in the phospholipids fatty acids profile. Supplementation of the growth medium with styrene caused an increase in the membrane fatty acids unsaturation index (Table 5 ). An increase by a factor of 2 of the linoleic acid concentration in the Exophiala sp. exposed to styrene (14-27 %, respectively, in the control and with styrene; Fig. 11 ) is consistent with literature observations [20] , where linoleic acid was present in toluene grown cells but not in succinate grown cells of Burkholderia cepacia G4. Linoleic acid played an important role in the resistance of microorganisms to other toxic compounds. In another study, it was observed that Saccharomyces cerevisiae cultivated in the presence of linoleic acid was more tolerant to ethanol than cells grown in the presence of oleic acid [45] . The change in microbial lipid composition in response to membrane-active compounds, such as hydrocarbons, is a well-documented phenomenon [11, 20] . Due to the hydrophobic character of hydrocarbons, the primary site of their toxic action is the membrane [45] . However, contrary to the above data concerning the adaptation mechanism of microbial cells to toluene [11] , no information is available on the adaptation of microorganisms to styrene. From this study, it appears that the phospholipids-derived fatty acids profile of Exophiala sp. was affected by styrene, although the changes were less drastic than those observed in presence of toluene. The increase in the content of unsaturated fatty acids, which results in a higher fluidity of the membrane, can also be induced by polar solvents such as ethanol, acetone, dimethyl sulfoxide, among others, which are miscible with water [45] . Conversely, the pollutant used in this work (styrene), is a relatively nonpolar compound. From the point of view of a significant increase in linoleic acid (18:2) in the mycelium of Exophiala sp., it can be assumed that membrane-bound Δ12 fatty acid desaturase, which is responsible for the biotransformation of oleic acid (18:1) to linoleic acid (18:2), might have been stimulated [46] . Our results demonstrate for the first time that a strain of Exophiala sp. exposed to styrene shows changes in its fatty acid profile. Based on such observation, it can be suggested that an increasing amount of linoleic acid (18:2) may be involved in maintaining optimal lipid ordering in the presence of styrene.
Further research directions in this field would be targeted towards using the optimized conditions from batch experiments and perform continuous experiments using gas-phase styrene, in novel bioreactor configurations such as one and two liquid-phase bioreactors (continuous stirred tank bioreactors and biotrickling filters), and testing the ability of the Exophiala sp. to remove mixtures of gas-phase pollutants and identify the interaction patterns of pollutant removal. Once these molecular to macroscale interactions are understood from continuous experiments, it is also possible to formulate mathematical models that can represent the influence of complex, interacting variables such as multipollutant diffusion/ absorption, reaction kinetics, and thermodynamic contributions on the performance parameters of these bioreactors, namely elimination capacity and removal efficiency.
Conclusions
The present work offers a comprehensive study on the effects of concentration, pH, and temperature on the biodegradation of styrene using the fungus Exophiala sp. The results show that styrene in industrial effluents could be treated with high removal efficiencies (100 %). , respectively, at the following experimental conditions: C o 019.3 mgl −1 , pH05.75, and T032.5°C. In addition to response surface optimization, the desirability function method was also used to optimize both responses simultaneously, i.e., SGR and SUR, and their individual desirability values were 0.837, and 0.92, respectively. The fungal strain degraded styrene via phenylacetic acid, involving initial oxidation of the vinyl side chain. Additionally, a change in the fatty acids profile of the culture was also observed. It can be suggested that the resistance of Exophiala sp. to styrene is associated with an increasing amount of linoleic acid (18:2) in the fungus.
